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Abstract 



We present a definition of an on-shell renormalization scheme for the sfermion and 
' chargino-neutrahno sector of the Minimal Supersymmetric Standard Model (MSSM). 

Then, apply this renormalization framework to the interaction between charginos/neu- 
tralinos and sfermions. A kind of universal corrections is identified, which allow to 
define effective chargino/neutralino coupling matrices. In turn, these interactions 
generate (universal) non-decoupling terms that grow as the logarithm of the heavy 
mass. Therefore the full MSSM spectrum must be taken into account in the com- 
putation of radiative corrections to observables involving these interactions. As an 
application we analyze the full one-loop electroweak radiative corrections to the par- 
tial decay widths r(/ — > /x") and r(/ — > f'x^) for all sfermion flavours and gen- 
erations. These are combined with the QCD corrections to compute the corrected 
branching ratios of sfermions. It turns out that the electroweak corrections can have 
an important impact on the partial decay widths, as well as the branching ratios, in 
wide regions of the parameter space. The precise value of the corrections is strongly 
dependent on the correlation between the different particle masses. 



1 Introduction 



The Standard Model (SM) of the strong and electroweak interactions is the present paradigm 
of particle physics. Its validity has been tested to a level better than one per mille at particle 
accelerators Nevertheless, there are arguments against the SM being the fundamental 
model of particle interactions f^, giving rise to the investigation of competing alterna- 
tive or extended models, which can be tested at high-energy colliders, such as the Large 
Hadron Collider (LHC) |^, or a e^e~ Linear Collider (LC) |Q. One of the most promising 
possibilities for physics beyond the SM is the incorporation of Supersymmetry (SUSY), 
which leads to a renormalizable field theory with precisely calculable predictions to be 
tested in future experiments. The simplest supersymmetric extension of the SM is the 
Minimal Supersymmetric Standard Model (MSSM) ||^. Up to now the major effort on the 
computation of SUSY radiative corrections has been put into the computation of virtual 
SUSY effects in observables that involve only SM external particles, or into the calculation 
of loop effects in the extended Higgs sector of the MSSMQ. In this context, if the masses of 
the extra non-standard particles are very large as compared to the SM electroweak scale, 
the effects of these particles decouple, leaving the SM as a low-energy effective theory^. 
This means that if the extra particles are too heavy we could not discern between the SM 
and the MSSM by just looking at the low-energy end of the spectrum, since the only trace 
of the MSSM would be a light Higgs boson (M^o < 135 GeV) 0, whose properties would 
not differ from the SM one. But for the case of direct production of SUSY particles, one 
also needs a detailed knowledge of the higher-order effects for the processes with these 
SUSY particles in the external states. In contrast to the case of virtual SUSY effects in 
SM Green's functions, there is a great variety of additional electroweak MSSM processes, 
viz. those involving Higgs bosons and/or (R-odd) sparticles in the external legs, for which 
the decoupling limit cannot be applied. In this case several kinds of non-decoupling effects 
may appear which grow with the mass of the sparticles |^,|IO|,|Tl],0. These effects can be 



very important, as they could provide the clue to discovering SUSY physics in the collid- 
ers. This was amply demonstrated in the past for decay processes [^,[T^, and also very 
recently for production cross-sections in hadron colliders [|15[, in both cases exploiting the 
SUSY threshold corrections in the top quark and Higgs boson sector. In the present study, 
however, we will face not only threshold effects, but also a new type of non-decoupling 
(so-called universal) contributions. Both types of non-decoupling effects have to be con- 
sidered for a complete study of sfermion decays in the colliders. The LHC will be able 
to discover new particles with masses up to 2.5 TeV. Provided they are not too heavy, 
the LC will be able to make precision measurements of their properties. For example, 
at a 500 GeV LC with a total integrated luminosity of 500 fb~ a measurement of the 
top-squark mass and the top-squark mixing angle can be performed with a precision of 
0.5% and 1.5% respectively [|1^. For an adequate analysis, precise theoretical predictions 



are required, going beyond the Born approximation. These studies of purely supersym- 



^See e.g. [3 



and references therein. 



See e.g. \1\ and references therein. 
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metric processes at the quantum level are necessary not only to refine the prediction of 
the corresponding observables but also because 1) the quantum corrections may severely 
affect the physical production of the supersymmetric particles, and 2) in addition they 
probe the underlying SUSY nature present in the model, that is: the relation between the 
gauge couplings of the SM gauge bosons and the Yukawa coupling of its SUSY partners 
(charginos and neutralinos) . Beyond leading order this relation receives corrections which 
are non-decouphng. 

A number of studies have already addressed this issue, for production as well as for 
decay processes. For squark and gluino production in hadron collisions, the NLO QCD 
corrections are available Jl^; for squark-pair production in e~^e~ collisions, the NLO QCD 



are also known, together with the Yukawa corrections Concerning the subsequent 

squark decays into charginos/neutralinos, the QCD corrections were presented in |19| , p!T| p|, 
whereas the Yukawa corrections were given in ||2l[|^. In this last work large corrections 



were found. They were derived, however, in the higgsino approximation for the chargino; 
hence, a full computation is required to consolidate the significance of the loop effects. 

We have performed a complete one-loop computation of the electroweak radiative cor- 
rections to the partial decay widths of sfermions into fermions and charginos/neutralinos, 

r(/-/'x). (1) 

We present the structure of the corrections in detail, and illustrate their main features and 
their significance in representative numerical examples. Explicit results are displayed for 
all kind of sfermions. First results of this study were presented in Ref. ||2^ . 



In processes with exclusively SM particles in external states, it is possible to divide the 
one-loop contributions into SM-like and non-SM-like subclasses. This separate treatment 
is often used in the literature, and it is useful since it allows to make the computation 
in small steps, checking each sector individually. As a distinctive feature of the radiative 
corrections to processes with supersymmetric particles in the external legs, this separabil- 
ity is lost. In such kind of processes the ultraviolet (UV) divergences of diagrams with 
virtual SM particles cancel the UV divergences of diagrams with non-SM particles. Any 
partial computation would yield UV-divergent and thus meaningless results. For this rea- 
son we have to compute the entire set of one-loop contributions for our processes, with the 
proper counterterms involving the renormalization of almost the full MSSM Lagrangian. 
As a direct consequence, many non-decoupling effects appear. Moreover, we remark that 
since we have sparticles in the external legs a consistent calculation of the loop integrals re- 
quires the use of dimensional reduction in order that the regularization procedure preserves 
super symmetry [0]]. 



Section |^ contains the renormalization of the sfermion sector (section p.2[ ), the char- 
gino/neutralino sector (section |2.3|) , and their interaction (section p.4| ). The numerical 



■^The gluino decay channel, which can be overwhelming for rriq > iriq + rrig, was studied in pO| ]. Here 
we will assume nig > rriq^ . 

''A direct comparison between the QCD and the Yukawa corrections can be found in Ref. . 

^One could also make use of a SUSY-breaking regularization, and introduce corresponding SUSY- 
breaking counterterms to restore supersymmetry at the one-loop order, see e.g. p5|. 
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analysis in done in section including the combination of the electroweak effects with 
the QCD ones, and the computation of the one-loop corrected branching ratios. Finally 
section ^ is devoted to the conclusions. 



2 Renormalization and radiative corrections 
2.1 Introduction 

It is our aim to complement the on-shell scheme of the SM to include the SUSY parti- 



cles. The renormalization of the SM is done according to Ref. p6| apart from some sign 
conventions. However, when extending this renormalization framework to embrace the 
whole MSSM we will treat the field renormalization of the supersymmetric particles in a 
different way that will be described at due point. The so-called a-scheme is used, in which 
the input parameters for the gauge sector are chosen to be the fine structure constant a 
(defined in the Thomson limit) and the pole masses of the weak gauge bosons My/, Mz- 
The electroweak mixing angle is defined on-shelhR = 1 — Myy/M^- 



The Higgs sector of the MSSM has received a lot of attention in the literature ||8|,|27|, 
Here we follow Ref. In fact, the only ingredient of the Higgs sector needed 

at one-loop order for renormalization of the sfermion and the chargino-neutralino sectors 
is the renormalization of tan/5. The counterterm is determined by the condition for the 
counterterms of the two vacuum expectation values, 

Svi dv2 

together with the absence of mixing between the on-shell A'^ Higgs boson and the Z weak 
gauge boson, which gives 

tan^ MzS2(3 ^ ^' 

Our choice of tan (3 is based on simplicity. It is known that all definitions of tan (3 not 
directly related to a physical observable are subject to some gauge dependence and/or 
induce large variations of the corrections with the parameters^ In our case the depen- 
dence is small and, with this simple and well tested definition, we can avoid introducing 
process-dependent corrections in a framework, like ours, which is already quite cumber- 
some. Needless to say, the physical observables we are addressing, like decay rates and 
branching ratios, are completely insensitive to our particular choice of tan (5. 

^We abbreviate trigonometric functions by their initials, like sw = sin^vF, S2/3 = sin(2/3), tw — sw / cw ^ 
etc. 

^For a specific physical definition of tan/3, free of these problems, see e.g. Ref. As a drawback, 

however, one has to compute the process-dependent corrections. See also for a recent review on this 
subject. 
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Besides parameter renormalization, we introduce field-renormalization constants for 
each particle. Exploiting the freedom in the treatment of field renormalization, they have 
been chosen in a way to get fairly simple expressions for the physical observables under 
study. 



2.2 Sfermion sector 

Throughout this paper we will be using the 3th family squarks as a generic fermion- 
sfermion notation. The same relations hold for sleptons, by changing the corresponding 
charges appropriately. 

We denote the two sfermion-mass eigenvalues by mj^{a = 1,2), with m^^ > frij^. The 
sfermion-mixing angle ^/ is defined by the transformation relating the weak- interaction 
{fa — fL: fn) and the mass eigenstate (/„ = /i, sfermion bases: 

f _ d(/) I . M) _ ( cos% -sin% \ 



By this basis transformation, the sfermion mass matrix. 




(I +m} + C2f3{Ts -Qs^^)Ml mj Mf^ 




(3) 



becomes diagonal: R^^'>'^ AA'^R^^'^ = diag<^mj ,m; \. M? is the soft-SUSY-breaking mass 

/ L 71 72 J /L 

parameter of the SU (2)^ doublet^, whereas M? is the soft-SUSY-breaking mass parameter 

^ J R 

of the singlet. T3 and Q are the usual third component of the isospin and the electric charge 
respectively. The mixing parameters in the non-diagonal entries read 

M^^ = A - /itan/3 , M^^ = At - /i/tan/3 . 

Our aim is to compute the radiative corrections in an on-shell renormalization scheme; 
hence, the input parameters are physical observables (i.e. the physical masses mi^,mi_^, . . . ) 
rather than formal parameters in the Lagrangian (i.e. the soft-SUSY-breaking parameters 
M^^,Ah, ... in eq. (^). Specifically, we use the following set of independent parameters 
for the squark sector: 

imi^,m-^^,9h,mi^,9t) . (4) 

The value of the other stop mass, m^^, is derived from this set of input parameters. The 
sbottom and stop trilinear soft-SUSY-breaking terms Ab and At are fixed at the tree-level 
by the previous parameters as follows: 

99 99 
TUi —mi mj — mf 

^ = /i tan /? + — ^sin2^fe; At = u cot (3 + ^ ^sin2^t. (5) 

2 nib 2 



^With Mi — Ml due to SU{2)l gauge invariance. 



5 



We impose the approximate (necessary) condition 



< 3 (m| + ml + Mfj + fi') , (6) 

where rrig is of the order of the average squark masses for q = i,b, to avoid colour-breaking 
minima in the MSSM Higgs potential Of course the relation receives one-loop 



corrections; however, since these parameters do not enter the tree-level expressions, these 
effects translate into two-loop corrections to the process under study. The bound (||) trans- 
lates into a stringent constraint to the sbottom-quark mixing angle for moderate and large 
values of tan/3 > 10: with an approximate limit |yu| > 80 GeV from the negative output 
of the chargino search at LEP, the condition (|^) can only be satisfied by a cancellation of 
the two terms in (|^) which is easily spoiled when 6'{, is varied. However, the right hand 
side of eq. @ is not rigorous ; so we will present results also when this bound is not 
satisfied, but we will clearly mark these regions. With the use of the bound (||) also the 
squark-squark-Higgs-boson couplings are restricted. This is a welcome feature, since these 
couplings can in general be very large, eventually spoiling perturbativity. 

The slepton sector follows the same procedure, but only one sneutrino is present. Thus 
the input parameters in eq. (§) are reduced to the charged slepton masses and mixing 
angle. 

The definition of the on-shell renormalization scheme is driven by the input parame- 
ters (H). The two bottom-squarks and the lightest top-squark are defined to be on-shell, 
whereas the heaviest top-squark mass receives quantum corrections. The mixing angle 
renormalization must also be given. Since there is no unique concept of an on-shell an- 
gle, a practical definition is given, which is general enough to be used in any sfermion 
observable. 

Other definitions of an on-shell scheme are also conceivable. One could think, for 
example, of a concept having all the sfermions defined on-shell, so that the input parameters 
would be the four masses and one mixing angle. Such a scheme, however, is problematic. 
First of all, this input parameter set is not complete, and one needs to give also the sign 
of the angle to determine completely the parameters of the sfermion section. Second, the 
expression derived for the counterterm of the mixing angle is not well defined when the 
angle is zero (no mixing). Admittedly, the zero- mixing-angle case could be thought of 
as an academic limit; it is, however, a very useful scenario for the study of sfermions at 
colliders, and has widely been used accordingly. Therefore, a renormalization framework 
which permits a consistent treatment of the zero-mixing-angle limit is desirable. 

This on-shell sfermion-sector renormalization was already introduced in Here we 
expand this renormalization framework to include the relation between bottom-squark and 
top-squark counterterms, and provide a thorough discussion. 

For each squark type a = 1,2 we introduce a set of field-renormalization constants as 
follows, 

fW = (ZfY/'^ + il-5'^')5Zff, , (7) 

where we have attached a superscript to the bare fields, and 5"''' is the usual Kronecker 
delta. As for parameter renormalization, we introduce counterterms for each independent 
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parameter in eq. (H): 

(m?j(°) = ml + 6ml , (m|)(°) = m| + 5m| , ^6^ + 59 j . (8) 
The bare fields in the interaction basis are related to the bare fields in the mass basis 

as 

n d{/) 

= , ^ rU) + 3rU) ^ SR^£ = ^dOf . (9) 

The counterterms to the soft-SUSY-breaking parameters in eq. (0) can be found by 

{M}r = R'^'''^ ( ^""Y"' (4)(o) ) (^^''°^)' • (10) 

The bottom-squarks and the lightest top-squark are defined to be on-shell, the residue 
of the renormalized propagators is taken to be 1 and we require no-mixing between the 
sfermions, that isQ 

Sm^f = -Sj(m^-) , f = haM , 
6Z'i = %(m}J , fa = k,ia, 

Sf(m|) . . 
5Zf = -4 V ' / = ^^~ ' («^^)- (11) 

The mixing angles in the sfermion sector do not receive radiative corrections. The corre- 
sponding counterterm is fixed by means of the non-diagonal field-renormalization constants 
of eq. d^) as follows: 

59 f = - {5Zf - 5Zf) = - -^—^ . (12) 

^ 2^ f ^ ' 2 m^, -m% ^ ' 

h ji 



The set of equations (|TT]), ([T^) defines all the counterterms in the sfermion sector. The one- 
loop electroweak Feynman diagrams contributing to the sfermions self-energies are shown 
schematically in Fig. |l]a. 

The heaviest top-squark is not defined on-shell, and therefore its mass receives radiative 
corrections. In order to find them we make use of eq. ([T0|). Since the bottom-squarks are 
defined to be on-shell, the counterterm to the soft-SUSY-breaking squared mass is 
found to be 

SM^ = 6{Ml)n - 2m,Sm, - C2p{T^ - Q'sI^)SMI - M| {Sc^^iT^ - Q's^,) - C2pQ'Ssl) , 

(13) 

which is used in the top-squark matrix 



(5(M?)ii = 6Ml + 2mt5mt + C2p{Ti - Q'sl,)5Ml + M| (5c2p{Ti - Q*4) - C2pQ'5s 



(14) 



'it is understood that only the real part of the self-energies is taken in the counterterm definitions. 



7 



The fermion mass-counterterms Smb, Srut are computed with the help of the Feynman 
diagrams of Fig. |l|b. With these results, the counterterm for the ti mass is found to be 

K = {m'i)u - - 2m|4?5< - 2m|4§5i?g) . (15) 

Note that this renormalization prescription breaks down for 6t = tt/2. In this case we have 
that ti = tji, whose mass is not related to the bottom-squark; then it would be better 
to use a renormalization prescription where m^^ is the input parameter. Of course, this 
renormalization prescription would break down in turn at = 0. 
The one-loop on-shell mass for the ti is then given by 

(mlr = {^IT' + K + ^iMl) ■ (16) 
In Section ^ we give numerical values for the correction to the top-squark mass. 



2.3 Chargino-neutralino sector 



This sector contains six particle masses, but only three free parameters are available for 
an independent renormalization. As a consequence, we are not allowed to impose on-shell 
conditions for all the particle masses. For the independent input parameters, we choose: 
the masses of the two charginos and the mass of the lightest neutralino. 



(Mi,M2,M°; 



(17) 



Although the tree-level chargino-neutralino sector is well known, we give here a short 
description, in order to set our conventions. We start by constructing the following set of 
Weyl spinors: 

r+ = {-tw+,H+) , 

r- ^ {-tW-,H{), (18) 
The mass Lagrangian in this basis reads 



M 



--(r+,r- 
2 ^ ' 



( ° 










J 







-( Fi, 12,13, 14 )A^° 



r2 

Vr4/ 



+ h.c. 



where we have defined 



M 



( 



M 

\ V2MwC/3 
M' 


MzCpSw 



/i 


M 

-MzCpCw 



V -Mzspsw Mzspcw 



MzCpSw 
-MzCpCw 




-MzSpSw \ 
MzSpCw 
-/i 

/ 



(19) 



(20) 
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Xt Xt f 

(c) 



Figure 1: Generic electroweak one-loop diagrams contributing to the direct and mixed 
self-energies of a) sfermions; b) SM fermions; c) charginos/neutralinos. /„ stands for 
sfermions, / for SM fermions, Xr for charginos or neutralinos, H for scalar particles (Higgs 
or Goldstone bosons), V for electroweak gauge bosons. 
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with M and M' the SU{2)l and U{1)y soft-SUSY-breaking gaugino masses. The four- 
component mass-eigenstate fields are related to the ones in (|^) by 



where [/, V and N are in general complex matrices that diagonalize the mass-matrices (|2^ 
U*MV^ = Md = diag(Mi,M2) (0<Mi <M2) , 

Ar*A^OArt = M% = diag (ikfo, M^, M^, M^) (0 < < < < Ml) . ^ ' 

The renormalization framework is as follows: we introduce the renormalization con- 
stants for each parameter in the mass matrices (^). The counterterms 5Mz^ SM]y, 5cw 
and 5 tan (3 are fixed from the conditions on the gauge and Higgs sectors of the theory, and 
we must provide renormalization prescriptions for 5M, and 5M' . The mixing matrices 
f/, V and are defined to diagonalize the renormalized mass matrices. The bare mass 
Lagrangian is then 

4? = -{XT^ (Mr, + 5Mo) ix-r " lixT^ [K + ^M^) {xT^ (23) 

with 

5Md = U*5MV^ , (5M° = N*SM^N^ . 

Note that these counterterm matrices are non-diagonal. This renormalization corresponds 
to the following relation between the bare weak- and mass-eigenstates fields: 



^^'^ "l^F,*(f+)wj ' " l^iv*^(fO)wj • ^^^^ 

Note that no counterterms for the mixing matrices are introduced. As far as field renor- 
malization is concerned, we introduce different field-renormalization constants for each 
chargino and neutralino: 

(Xsf)^Xs + lsZlPLXs + l5Z'^PnXs , Xs^xf,xl, (25) 

with the chirality projectors P{l,r} = 1 T 75- The renormalization framework is thus 
complete^. Now we must supply renormalization conditions for each parameter in eq. ( |l7|) 
and wave-function renormalization constant. We will fix 6M and 6fi by requiring that the 
one-loop renormalized chargino masses are the on-shell masses. 6M' is fixed by requiring 
that the lightest renormalized neutralino mass is the on-shell mass. The wave-function 
renormalization constants are fixed by requiring that the renormalized propagator has 
residue one. 



One can take either the x or the x to perform the renormahzation. We wiU take the self-energies 



and the corresponding renormahzation constants to be that of the x ■ has, evidently, 5Zj^^ = 5Z^^ 



and 5Z+^ = SZ]^' 
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Using this framework, we are able to relate the counterterms of the fundamental pa- 
rameters to the mass-counterterms 5Mi of the charginos. Similarly to |3l[] we find: 

Mi5Mi + M25M2 = M5M + ii5^i + 5Mlr, 



M1M2 (Ml 6M2 + M2 6 Ml) = (M/x - M^S2/3 



-M^6s2p-S2p6M^ 



(26) 



The mass counterterms 6Mi are fixed using the on-shell scheme relation, in the convention 
of [53] (but with opposite sign for S), 



Mi 



-^(sr(Mf) + S-(A.f,2))-E-(Mf) 



(27) 



where ^\lfis} denote the one- loop unrenormalized left-, right-handed and scalar compo- 
nents of the self-energy for the zth-chargino. The wave function renormalization constants 
are 



SZ 



L,R 



(M^) + [S-'(M^) + S-'(M?^) + 2 S-'(Mf )] . 



(2J 



The one-loop diagrams contributing to the chargino/neutralino self-energies are shown 
schematically in Fig. |T]c. 

By solving the equations (^) we find the counterterms of the independent mass pa- 
rameters of the chargino mass matrix (pO| ) : 



5M 
X2 



M2 -/i2 



5yU 



/iXi -MX2 



Ml 5 Ml + M2 5M2 - 6M^ , 

MlJ-M^S2/3 



M2 



(Ml 6M2 + M2 6 Ml) + M^ 6s2fs + S2I3 SM^ 



(29) 



M1M2 

6M' is determined from the lightest neutralino mass, inverting the relation 

NiJM%N*f, = 5Ml , (30) 

where the neutralino- mass counterterm SM^ is fixed by the on-shell condition for 
analogy to (p7|). The result is then 



5M' 



Nil 



6Ml- NlJM%Nlp 

a or P^l 



(31) 



It is a non-trivial check that with the counterterms determined in eqs. (^) and (|30D , the 
one-loop masses for the remaining neutralinos, computed as the pole masses, are UV-finite. 
The one-loop on-shell neutralino masses read 



M' 



OS 



M° + NlpdMl^K^ + Ml 



1 



^1{m'^) + i:1{m^'))+^'^s{m: 



02 ^ 



f02^ 



(32) 
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where now the parameters of eq. ( [20| ) and the masses and mixing matrices computed in 
have to be regarded as renormalized quantities. 

The choice of the hghtest neutrahno to fix the counterterm 5M' in (|30|) is only efficient if 
it has a substantial hino component. If M' ^ (|/i|,M) then |A^ii| <^ 1, and the extraction 
of 5M' from (|3T| ) would amplify the radiative corrections artificially. In this case it would be 
better to extract 5M' from the ath neutralino, such that \Nia\ is large. This is, however, 
not relevant for the scenarios which are discussed in this work. Notice also that our 
renormalization procedure makes use of positive-definite mass eigenvalues for charginos 
and neutralinos, which require the introduction of some purely-imaginary non-zero elements 
in the A^- matrix (^). Had we chosen a real A^-matrix, with some negative eigenvalues, 
the various renormalization conditions would be plagued with the explicit sign of the 
corresponding eigenvalue (see e.g. p2[] ). 

At one-loop, also mixing self-energies between the different neutralinos and charginos 
are generated, which we write as follows: 

-it-P{k^) = -i(tf{k^)l/,PL + tf{k')lfePn + tt{k^^^^ , (33) 



with S denoting the renormalized two-point functions. For the neutralinos, the renormal- 
ized self-energies (p3|) are related to the unrenormalized ones according to 



KIr} = ^Ir} , = ^sl-N^,SM',\N,, , = ^fR-N:,6M'^,N;, . (34) 

Analogous expressions hold for the x~ charginos, replacing (a/5) [ij) in eq. (|33|), the 
renormalized x~ chargino self-energies being given by 

^{L,R} = ^{L,R} ' ^SL = ^sL-Uik^MkiV*i , S^j^ = T,sR-VikSMikUij . (35) 

The one-loop mixing self-energies also contribute to the chargino and neutralino masses; 
their contribution is, however, of higher order in perturbation theory, and we do not take 
it into account in the mass spectrum. 

The contribution of these mixing self-energies to the one-loop decay form factors can be 
written as follows. If is the amputated one-particle irreducible 3-point Green's function 
for the creation of a x° (represented by a spinor Wq,), the full one- loop process amplitude 
reads: 

T„ = uf^v^ + ufpiZf^'PL + ZI^''Pr)v^ , (36) 
where the external mixing wave function factors are 

^o/3« ^ M° t'sUMf) + Ml t'sUMf) + M° Ml (M°^) + Mf S^"(M°^) 

Mf - Mf 

^o/3« ^ Ml tl-^jMf) + Ml nUMf) + M° Ml ti-{Mf) + Mf Sf (Mf ) 
^ Mf -Mf ■ ^ ^ 
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The same expression is valid for the creation of a xt {^t^^^'X7j using Z^-'^ changing the 
indices a ^ i, [3 — > 

Admittedly, the choice of the two masses as input parameters is not ideal. For each 
pair of on-shell masses Mi, M2 there exists up to a fourth- fold discrete ambiguity in 
the determination of the underlying parameters M and /i. There are, however, ways to 
determine uniquely these parameters. For example, assuming one knows both masses, 
either from a threshold scan in a LC or from the LHC, one can measure at the LC the 
production cross-section a{e~e'^ XxXa^ with different polarizations of the initial state 
electron and positron |^ . One finds in this way experimental values for the mixing matrix 
elements Ul^^ and Vi^^ which disentangle the ambiguity. One uses then the derived M 
and /i parameters to compute the renormalized V and V matrices, which are used for the 
computation of the radiative corrections. 

A comment is in order regarding other renormalization prescriptions. Note that, at 
variance with Ref. [P3,RH], our renormalization prescription does not introduce countert- 



erms for the mixing matrices f/, V and A^. One can, in fact, introduce these counterterms 
and fix them in different ways. For example one could take the point of view that the 
mixing matrices are functions of the parameters in the mass matrix: 

t/ = Fi(M,/x,Mv^,tan/3) , 1/ = F2(M, /x, Mv^-, tan/5) , A^ = F3(M', M, M^/, M^, tan/3) , 

and then one computes the counterterms as functions of the counterterms of the mass 
matrix: 

= f^{6M,6fi,6Mw,Stan(3) , 
SV = f2{SM,Sfx,SMw,S tan p) , 
SN = fslsM', 5M,SMw,SMz,S tan P) . 

The problem with this approach is that, while the analytic form of the chargino functions 
Fi and F2 are known, the neutralino function F3 is usually computed numerically, and 
then the computation of /a is not possible. We have checked that this renormalization 
framework gives exactly the same results as the non-introduction of mixing matrix coun- 
terterms for the one-loop partial decay widths of sfermions into charginos. The authors of 
Ref. EM take a different approach, introducing independent renormalization conditions for 



the counterterms of the mixing matrices. In Ref. ||35| the counterterms to the U, V and 
A^ matrices are related to those of the mixing self-energies0. When comparing the results 



presented here with the ones of Ref. p3,p5[, one should therefore take into account that 



the meaning of the renormalized parameters M, /i, M' (and the mixing matrices) is not 
the same. When comparing physical quantities (such as pole masses), the results should 
be equivalent at one-loop order. 



The corresponding ones for Xi (anti-x^) are Z^-'^ = Zj^-'\ Z^-'^ = Z^-'''. 
^"^See Ref. IsH] for a comparison of the different renormahzation schemes. 
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2.4 Vertex renormalization and decay amplitudes 

Using the notation introduced in the above sections, the tree-level interaction Lagrangian 
between fermion-sfermion-(chargino or neutralino) reads |[13||P^ 

a=l,2 r 

C^^f^r = -9f:Xr{A'ilPL + A^IlPL)f. (38) 

Here we have adopted a compact notation, where /' is either / or its SU{2)l partner for 
Xt being a neutralino or a chargino, respectively. Roman characters a,b . . . are reserved for 
sfermion indices and i,j, . . . for chargino indices; Greek indices a, (3, . . . denote neutralinos; 
Roman indices r,s . . . indicate either a chargino or a neutralino. For example, the top- 
squark interactions with charginos are obtained by replacing f ^ t, f ^ b, Xr ^ Xr ^ 
r = 1,2. The coupling matrices that encode the dynamics are given by 

= -^{RfliK, + YLtwN:,) + V2XtR^lN:, 

^+ai — ^la '^il ~ ^b^2a ^ i2 ' 



A'iL = -^{RfhK2-yLtwK,)-V2X,RSN^s 



A^-L = -^{-V2X,Rf^N^s + Yl^twR^SN^i) , (39) 

with Yl and Y^'^ the weak hypercharges of the left-handed SU{2)l doublet and right- 
handed singlet fermion, and At = Tnt/{\/2Mw sin P) and Xb = rrih/ {^/2Mw cos P) are the 
Yukawa couplings normalized to the SU{2)l gauge coupling constant g. 

As far as vertex renormalization is concerned, the vertex counterterms are already 
determined by the renormalization procedure described above. Introducing the one-loop 
counterterms analogously to [^] we obtain the following counterterm Lagrangian |]2T|,[13| 

5C^^^^f, ^ gflXr {SA^/IPl + SA^HPr) f + h.c. 
1 



a si, [m^ Ml ^ 



^■^Note, however, a change of conventions, in the neutralino mass-matrices (po|), and in the neutraUno 
couphngs. The change in the couphngs allows for a joint presentation of the chargino and neutralino 
expressions. 
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5A 



it) 



6A 



it) 



-ai 



6A 



it) 

+aa 



5A 



it) 



-act 



\ib) 
-ai 



6A^ 



5A 



5A 



ib) 

ib) 
aa 



5t 



w 



+ \9f*aXr 



AfJ- (5Zl + 5Zi) Pl + A^Il\ {6Zl + 6zQ Pn 



f 



U2 1 



+gf:Xr{SA^-llrPL + SA^IlPR) f'+ h.c.j , (M 

{V2{XtSR?, + R?JXt)N^4 - Y^itwSR?^ + Rfjtw)No.i) , 

6Rf^U:, - (Arfi + R^IsXtW, 
-iXt6Rf} + Rf}6Xt)V. 

--^ (^M'i {K2 - YLtwK,) - R^^IYlKSw - V2{XkSR^S + RSsXk)N, 

6mb 1 6 cos f3 6Xt Snit 1 6 sin f3 
TUb 2 Myy cos/3 
1 



q4 i 1 



'a 1 



a3 ' 



nit 2 sin/? ' 



(40) 



where 5a, SM^^ are the charge and mass counterterms for the MSSM, as given in [p6[ , 
and the counterterms for the mixing matrices have been defined in eq. (^. 

The renormahzed amphtude for the decay fa — > f'Xr can then be written at the one- 
loop level as follows, 



tree 



_jrp\oop 



igufi 
igufi 



' Aif)* p I aH)* P 

r^i-f) p I /^(/) p 



„ . Mf) _ XA^-^)* -u a(^) ^ -u A^-'') 



• (41) 



It contains, besides the counterterms 6 A from (^), the one- loop contributions A^^^ to the 
one-particle-irreducible three-point vertex functions shown in Fig. and the quantities 
corresponding to the higher-order terms from the two-point functions in the one-loop 
expansion of the general expression (|36D , explicitly given by 



A (/) S _ /((/)* ^rsr \if) ^ 



(42) 



where Z^l,r} been defined in (pTj). 
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/' /' /' 




Figure 2: Feynman diagrams contributing to a) one-loop one-particle-irreducible three- 
point vertex functions A^^^ - eq. (^l]); b) tree-level photon bremsstrahlung. Notation as 
in Fig. 0. 
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We are now ready to compute the partial decay widths. The tree-level expressions read 



r°(/a - f'Xr) 

ja 



9' 



16 7rm| 

Ja 



X 



(/) 1 2 
ar I 



+ \A^Iln -Amf, M,Re [A'il A'l^, 



Aif)* 



, (43) 



with A(x^,?/^,z^) = ^[x"^ — — -2)^][a;^ — + z)"^]- 



Due to the presence of photon loops, the one-loop partial decay width computed using 
the amplitude (|4l| ) is infrared divergent; hence, bremsstrahlung of real photons has to be 
added to cancel this divergence. We therefore include in our results the radiative partial 
decay width T{fa —>■ f'Xrl), including both the soft and the hard photon part.0 The 
corresponding Feynman diagrams are shown in Fig. This yields finally the complete 
one-loop electroweak correction. 



r(/a fXr, 
f'Xr 



"virt 



2Re 



- 1 



"virt ^ 



rjfa ^ f'Xrl) 
r°(/a - fXr) 



2Mrmf,{A^ll&Il + A^Il 



if) nU) 



r 

ar^+ar 



~ -^ — ar^ — ar 



.C. 



(ml - Ml 



m 



\A 



if) 1 2 



\A 



if) ) 

ar ) 
if) \2\ 



X 



(44) 



The loop computation itself is rather tedious, since there is a huge number of diagrams 
to compute. This is better done by means of automatized tools. The computation of 
the loop diagrams has been performed by using the Computer Algebra Systems FeynArts 
3 and FormCalc 2.2 [0, 0. We have produced a set of Computer Algebra programs 
that compute the one- loop diagrams (and the bremsstrahlung corrections), which are then 
plugged into a Fortran code for the numerical evaluation with the help of the one-loop 
routines LoopTools 1.2 |^8|. A number of checks have been made on the results. The UV 
and infra-red finiteness of the result, relying on the relations between the different sectors 
of the model, is a non-trivial check. We also have recovered results already available in the 
literature; for instance, we used our set of programs to reproduce the strong corrections 
of |Tl|, and, using the higgsino approximation, we could also reproduce the results of pi 



Moreover we also checked that, when using the MS-scheme, the one-loop corrections to 



neutralino and chargino masses reproduce those of [31 



Although we consider the chargino and neutralino masses as input parameters, in our 
numerical study we treat them in a slightly different way. We choose a set of renormalized 
input parameters (M, M',/i), and apply (pOD , (p^) to obtain the one-loop renormalized 
masses. Of course, if SUSY would be discovered the procedure will be the other way 
around, that is, the MSSM parameters will be computed from the various observables 
measured, for example, from the chargino production cross-section and asymmetries at the 
LC For a consistent treatment, the one-loop expressions for these observables will 



have to be used ^ . 



'Except for the partial decay width r{D i^Xa'f)' which is obviously zero at tree-level. 
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2.5 Universal corrections: Non-decoupling effects and effective 
coupling matrices 

We note that there exists a certain combination of contributions in the one-loop am- 
phtude (^if ) that does not depend on the sfermion flavour. These contributions can be 
expressed formally as corrections to the coupling matrices 



with 



U = U + ^U , V = V + ^V , N = N + /\N , (45) 



0/3o 




0/3a 



5g _ 1 f5a 



^(- + ^^^-^11 • (46) 



Unfortunately the full contributions to the expressions (|46|) are divergent. The only con- 
sistent subset of corrections which makes all the expressions in (^) finite is the subset 
of fermion and sfermion loops contributing to the self-energies of the gauge bosons, Higgs 
bosons, charginos and neutralinos. With this restriction, we can define effective coupling 
matrices 

U^fS = U + AU^f^ , V^^^ = V + AV'-^^ , N^^^ = N + AM^^ , (47) 

where AU^f\ AV^f\ AiV(^) are given by the expressions ( |4^ ) taking into account only 
loops of fermions and sfermions. We will refer to these corrections as universal corrections. 
They are the equivalent of the super-oblique corrections of Ref. |T2 . 
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These effective coupling matrices present a very interesting feature. Since tlie diver- 
gences in tlie SM sector of tlie model (gauge and Higgs sectors) cancel the divergences 
of the chargino-neutralino sector, the associated logarithmic terms (log(m//i^), [i^ being 
the arbitrary mass parameter of dimensional reduced integrals) must be combined. As a 
result, a non-decoupling term ~ log(m'^^'^^/m'^*'^) appears in the final expression. Here 
^susY represents a generic SUSY mass, and m'^*^ a generic SM mass. 

We have checked explicitly this effect. We have computed analytically the electron- 
selectron contributions to the AU and AV matrices (0), assuming zero mixing angle in 
the selectron sector {6e = 0), we have identified the leading terms in the approximation 
mei,mc ^ {Mw,Mi) ^ rrie, and analytically canceled the divergences and the log(/i^) 
terms; finally, we have kept only the terms logarithmic in the slepton masses. The result 
reads as follows: 




Ans^^ ^V^iyie 3 (M2 - /i2) (Mf - M|)' ^ ^ 

\Mll 3 V2 (M2 - ;i2) (Mf - M|)' ^ 

Ay//) = -iyiogf^) [M-^, v^M^(/^c, + M.,) . ^ 
+3M2 + /i^ + + C4/3 + (/i' - M^) + AMiiM^ S2p) 
~ 4 7r.2,^°g|^Mir^^3v^(M2-;x2)(M2-M|)^ 

(48) 

being the soft-SUSY-breaking mass of the (e^,//) doublet (0), whereas Mx is a SM 
mass. In the on-shell scheme for the SM electroweak theory we define parameters at very 
different scales, basically Mx = Mw and Mx = rn^. These wide-ranging scales enter the 
structure of the counterterms - see the last formula in eq.(HO)- and so must appear in 



eg. (^8]) too. As a result the leading log in the various terms of this equation will vary 



accordingly. For simplicity in the notation we have factorized log M| /Mx as an over- 
all factor. In some cases this factor can be very big, log M| /m1\ it comes from the 
electron-selectron contribution to the chargino-neutralino self-energies. Its non-decoupling 
behaviour is logarithmic in the heavy (SUSY) mass and it can be explained from renor- 
malization group arguments relating the supersymmetric gauge couplings at the SM and 
SUSY scales (see below). This term is similar to the logarithmic part of the universal 
effects from the SM gauge bosons, which is related to the renormalization of the ordinary 
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Figure 3: Correction to the effective chargino coupling matrix At/^-^-' -eq. 
M — fi plane, for tan/5 = 4 and a sfermion spectrum around 1 TeV (|49|) . 



in the 



gauge couplings and of course can also be explained by renormalization group arguments 
- in this case involving the internal SM scales Mw and mg. Equivalent expressions can be 
found for the quark-squark sector. We have checked numerically that the expressions ( ^8]) 
approximate well the logarithmic term in the full expression (^7p. We have computed 
numerically (^7[) for different input parameters (including 6^ ^ 0) for selectron masses in 
the range = 1 — 100 TeV, we have fitted this numerical results to a simple function 
/(mej = A + i?log(meJ. The results show a correlation factor close to ±1 in better than 
10~^. The simple expressions ( ^Sf) approximate the coefficient of the logarithmic term in 
better than 1%. 

However, the expressions (^Sf ) do not reproduce the full result (|47|) due to the presence 
of important non-logarithmic terms. Upon adding up the three slepton generations, the 
contributions to p7|) can be typically of the order of ~ 3% for = 1 TeV, whereas the 
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approximation (|^) gives ~ 2% under the same conditions. 

We want to stress that this is a physical, measurable, effect. By measuring the two 
chargino masses (Mi, M2), one can extract the SUSY parameters M and and by 
assuming CP-conservation one can obtain the renormalized mixing matrices U and V for 
each sign of /i. On the other hand, one can extract the value of the mixing matrices in a 



polarized e'^e~ linear collider |Q. However, the extracted values of the mixing matrices 
are, in a first approximation, the ones of eq. (|47|) , which can deviate from the on-shell ones 
-eq. (^2])- at the several percent level. In this way, even if some (or all) of the sfermions have 
masses beyond the reach of an e^e~ linear collider, one can get information of their mass 
scale by means of the effective coupling matrices. In fact, the larger the mass, the larger 
is the correction. Of course, the experimental value of the cross-section ij{e^e~ — > x^X^) 
will have to be compared with the full one-loop computed cross-section since the 
rest of the one-loop corrections can be as large the contribution of the effective coupling 
matrices (^). 

The ultimate reason for these non-decoupling effects lies in the breaking of SUSY, which 
affects the SUSY relation between the gauge-boson and gaugino couplings (or Higgs-boson 
and higgsino couplings). As a simple example, SUSY implies that the e"'"e~7 coupling 
must be equal to the e"'"e~7 coupling. For broken SUSY, this equality is lost, and the 
deviation of the e"'"e~7-coupling from the e"'"e~7-coupling grows with the scale of the SUSY 
breaking |jl2|,[l^. One can understand the appearance of the non-decoupling effects by 



renormalization group arguments. In an energy scale much larger than any SUSY mass 
scale {Q ^ m^^^^) the theory is supersymmetric, and the effective e"'"e~7 gauge coupling 
{a{Q)) is equal to the effective e"'"e~7 Yukawa coupling {a{Q)), and their renormalization 
group equations (RGE) are the same. If some hierarchy exists in the SUSY sector (say, for 
definiteness rriq > rrie), at the scale Q = rrig the squarks decouple from the running of a 
and a. Quarks, on the other hand, decouple from a but not from a. Therefore, at scales 
Q < rriq, the coupling a is frozen at the squark mass scale a{Q < rriq) = airriq) = a{mq) 
as far as quark/squark contributions are concerned^. Therefore, the comparison between 
the two couplings gives, at one-loop order: 

a{Q) a{mq) 'mg ^ ^ 

a[Q) a[Q) Q 

where the QED /3-function does not include the contribution from squarks. Since we are 
using an on-shell renormalization scheme, we are comparing in fact a(Q)/a(0), and since 
the quarks decouple from a at Q = m^, we end up with a correction proportional to 
logmq/niq. We have explicitly checked this fact using SUSY Quantum Electrodynamics 
as a toy model. The complete electroweak model looks much cumbersome, since various 
quantities are fixed at different scales (e.g. the masses of the gauge bosons M^y, Mz 
are fixed at their respective pole values, and the electromagnetic constant is fixed in the 
Compton limit a(0)), therefore different pieces of the corrections carry different scales Q 
in the arguments of the logarithms. 

^^Of course, there is an evolution of q;(Q < m,) due to the Icpton/slcpton contributions. Here we leave 
the slepton contributions out of the discussion for the sake of clarity. 
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Figure 4: As in Fig. |^ but for the effective chargino coupling matrix AV^^^ -eq. (^61). 

In Figs. ^ and ^ we sliow contour plots in the M — fi plane of the relative correction 
to the elements of the mixing matrices U and V (^Tf). For this figure we have chosen a 
sfermion spectrum around 1 TeV, namely: 

tan/? = 4 , rrii^ = mj^ = = 1 TeV , mj^ = mj^ = mj^ + 5 GeV , , . 

ei = eg = e, = o , et = -vr/s , ^^""^ 

where we have assumed a common mass for all the charged sleptons and down-type quarks, 
and considered mixing only in the stop sector. 

The thick black lines in Figs. correspond to spurious divergences in the relative cor- 
rections. The ones corresponding to M = ±/i are divergences in the corrections themselves, 
since our renormalization prescription fails in this case -see eq. (pQl). This divergence ap- 
pears also explicitly in the approximate expression (^81) as the inverse of — /x^. The 
other divergences correspond to lines where the renormalized mixing matrix elements are 
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zero. These correspond to M = — /itan/? (M = —ji/ tan/5) for Uu, U22 (^12, V21). Correc- 
tions as large as ±10% can only be found in the vicinity of these divergence lines. However, 
there exist large regions of the fi — M plane where the corrections are larger than 2%, 3%, 
or even 4%. 

3 Numerical evaluation 

In this section we tackle the (cumbersome) numerical analysis of the corrections to the 
various / fx partial decay channels according to the following plan. First of all we 
assess the relevance of the universal corrections defined in sect. p.5| . Next we focus on 
the non-universal corrections, with especial emphasis on the non-decoupling effects from 
gauginos and Higgs particles, followed by an exhaustive analysis of the corrections to the 
various partial decay widths as a function of the most relevant parameters. After that, 
we briefly concentrate on the strong corrections. Finally, we combine the universal, non- 
universal, and strong corrections to the partial decay widths to evaluate the impact on the 
branching ratios for all the decay channels, which are in practice the true observables. 

As for the presentation of the results themselves, we will use the following criteria: The 
first and second generation of sfermions have very similar properties, so only the results 
for the first generation are presented. We will present separate results for the third squark 
generation (t, b), since the large Yukawa couplings and masses make this generation behave 
in a special way. The third generation sleptons (f, Ur) have also large Yukawa couplings, 
but their effect is small, unless tan (3 is very large. We will refrain to show explicit results 
for f, Ur, if these results are similar to the first generation ones. 

We have used the following default set of central parameters for our numerical evalua- 
tion: 

mt = 175 GeV , = 5 GeV , tan /? = 4 , Mh± = 120 GeV , 

= = "^"2 = "^62 = 300 GeV , 
m^^ = mj^ = = m^^ + 5 GeV , = 290 GeV , m^^ = 300 GeV , (50) 
9t, = 9d = 9., = 9, = ,9t = -7r/5 , 
/i = 150 GeV , M = 250 GeV . 

We point out that the amount of splitting chosen in the sbottom sector is not critical 
for the numerical results, and has nothing to do with preserving the vacuum condition 
(^) because we are assuming zero sbottom mixing angle in the first eq.(^. Furthermore, 
the negative sign for the stop mixing angle is related to the chosen sign for /i and the 
desired relation fiAf < via the second eq.(||). The other SM parameters have been taken 
from Ref. |^0|. For simplicity, we will be using the Grand Unification (GUT) relation 
between the electroweak soft-SUSY-breaking gaugino masses M' = dMily/S unless stated 
otherwise. The computed values of the heaviest up-type sfermions are given in table |. 
In table |^ we show the tree-level chargino and neutralino masses, as well as the tree-level 
branching ratios of sfermions decaying into charginos and neutralinos, and the one-loop 
corrections to the neutralino masses. 
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Ml 


ti 


V 


m*^^'=[GeV] 


296 


364 


296 




+0.06% 


+0.26% 


-0.06% 




-0.19% 


-3.24% 





Table 1: Tree-level masses and one- loop corrections for the heaviest up-type sfermion, for 
the parameter set (pOl) . 
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xt 


xt 


m^[GeV] 


86 


149 


156 


290 


119 


289 






1.89% 


-0.56% 


-0.09% 






BR{y Ix) 


0.430 




0.016 


0.001 


0.549 


0.003 


BR{e^ ^ IX) 


0.018 


0.610 


0.004 


0.010 


0.328 


0.030 


BR{e2 ^ Ix) 


0.572 


0.423 


0.005 








BR{n ^ Ix) 


0.021 


0.606 


0.007 


0.010 


0.325 


0.030 


BR{t2 ^ Ix) 


0.567 


0.419 


0.008 




0.006 




BR{ui qx) 


0.026 


0.257 


0.007 


0.002 


0.704 


0.004 


BR{u2 qx) 


0.580 


0.415 


0.005 








BR{d, ^ qx) 


0.317 


0.107 


0.021 


0.019 


0.491 


0.045 


BR{d2 ^ qx) 


0.572 


0.423 


0.005 








BR{h ^ qx) 


0.169 


0.249 


0.145 




0.159 


0.278 


BR{h qx) 


0.058 








0.942 




BR{h ^ gx) 


0.272 


0.092 


0.047 


0.014 


0.575 




5i?(62 ^ gx) 


0.502 


0.332 


0.123 




0.042 





Table 2: Neutralino and chargino masses (and one-loop corrections), and tree- level branch- 



ing ratios of sfermions into charginos and neutralinos for the parameter set (50). Branching 
ratios below 10~^ are not shown. 
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Figure 5: Universal corrections 6{la ^ I'x) - see eg . (|5TD - to the partial decay widths of 
the first two generation of sleptons (/ = e, Ve) as a function of a common squark mass. 

Given the large number of decay channels, a presentation including the corrections 
to each individual final state would be tedious. Moreover, a large number of channels 
have a very small branching ratio, and higher-order terms are not of phenomenological 
interest. For these reasons most of the discussion will be devoted to the total decay widths 
of sfermions into charginos and neutralinos, in particular to the relative correction 

J ^ ^ E.(r(/„^fx.)-rU^fx.)) 

E,r«(/<.-/'x.) 

with X = oi' X = x''- We will not show results for processes whose branching ratio are 
less that 10% in all of the explored parameter space. 

3.1 Universal Corrections 

As we have said, we start our numerical analysis by testing the non-decoupling effects 
directly associated to the universal corrections discussed in section |2.5| . The main aim 
of this section is to assess the numerical impact of these non-decoupling effects. To this 
end we present in Fig. |] the universal corrections to the partial decay widths of the first 
generation of sleptons (e — z/g) as a function of a common mass for all squarks. Since these 
corrections are universal, and the lepton masses can be safely neglected, they are the same 
for the other generations of sleptons. Looking at the right end of the plots (m^ > 10^ GeV), 
the logarithmic scale of the plots makes evident the non-decoupling of squarks by means 
of a logarithmic term log(mq) equivalent to that of eqs. (^). The corrections are also 
non-negligible for light squark masses. We see that for squark masses below 1 TeV the 
corrections reach a 5% value for most of the decay channels, or even larger than 10% for 
the selectron decay into neutralinos. 
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Figure 6: Universal corrections to the squark partial decay widths as a function of a 
common slepton mass, for the first and third generation of squarks. 
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We turn now our attention to the squark decays. Fig. ^ shows the universal corrections 
to the squark partial decay widths as a function of a common mass for all sleptons. We 
show the corrections for down-type and up-type quarks of the first and third generation. 
Again, the logarithmic behaviour from eq. ( ^Sf ) is evident in this figure. The logarithmic 
regime is attained already for slepton masses of order 1 TeV. The universal corrections are 
seen to be positive for all squark decays, ranging between 4% and 10% for slepton masses 
below 1 TeV. 



3.2 Non-Universal corrections 

The non-universal corrections comprise the set of full corrections excluding the universal 



corrections of section |2.5| . For a given sfermion decay, these corrections do not depend 
on the parameters of the sfermions of different type or generation. That is, e.g. for 
a t decay, the dependence on the lepton/slepton parameters and the first and second 
generation quark/squark parameters appears only in the universal corrections analyzed in 
the previous section, and the non-universal corrections depend only on the gauge, Higgs, 
chargino/neutralino and stop/sbottom sectors. 

3.2.1 Non-decoupling effects 

The non-decoupling of gauginos was already discussed in There, the QCD correc- 

tions to the squark decays were computed, and an explicit non-decoupling gaugino term (of 
the form logm^) was found. The origin of this non-decoupling effect is similar to that of the 
sfermionic ones in (0), namely the gaugino UV-divergences cancel the gauge boson ones, so 
that the logarithms associated with the divergence must compensate between SUSY and 
non-SUSY particles, leading to a \og{Mgaugino) behaviour which can again be explained 
from simple renormalization group arguments. The electroweak corrections present several 
peculiarities that prevent from obtaining a simple analytical result of these logarithms. 
First of all, the non-decoupling particles are part of the final state of the process, thus if 
their masses are large the decay will be phase-space closed. Second, the complicated struc- 
ture of the electroweak sector involves the mixing of gauginos and higgsinos. One can not 
compute simply the gauge-gaugino or the Higgs-boson-higgsino corrections, unless very 
special limits are taken |]21]]. Thus, a numerical approach is preferred in this case. 

In this subsection ( p.2.1|) we give up the GUT assumption between the gaugino masses. 



and will let the soft-SUSY-breaking mass parameters M and M' vary independently. In 
this way we can afford having a light neutralino (when M' is light), while the SU{2) 
gauginos are heavy, and analyze the non-decoupling effects of the SU{2) gauginos in the 
neutralino decays. On the other hand, by maintaining M light, but taking M' to be heavy, 
one obtains a heavy U{1)y neutralino whose non- decoupling effects can be studied in the 
chargino sector. 

In Fig. we show the non-universal corrections to the slepton and squark decays into 
neutralinos as a function of the soft-SUSY-breaking SU (2) gaugino mass parameter M in 
the range 1-10 TeV, keeping M' fixed to a light value M' = 120 GeV. For M < 1 TeV 
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Figure 7: Non-universal corrections to the partial decay widths of first-generation sfermions 
into neutralinos, as a function of the soft-SUSY-breaking SU (2) gaugino mass parameter 
M, keeping M' = 120 GeV. Shown are the corrections for each individual decay channel 
with a branching ratio larger than 10%. 



the corrections show a rich structure that will be analyzed below. Only the results for the 
first generation of sfermions are shown; although the results for top- and bottom-squarks 
are slightly different, the same conclusion follows. Shown are the corrections for each 
individual decay channel with a branching ratio larger than 10%. For M = 1 TeV most of 
the decays have already reached the logarithmic regime, so the figure shows mainly straight 
lines. The corrections can have both signs, and range between 2% and 20% at M = 1 TeV. 
The slopes of the curves are small which means that, although there exist a non-decoupling 
effect, it is very small and of no phenomenological interest for M < 10 TeV. 

A similar situation is found in the non-decoupling effect of the U{1)y gaugino with 
respect to the decays into charginos in Fig. |[ In this case the slopes of the different curves 
are even smaller. 

The non-decoupling effects from Higgs particles can be seen in Fig. |^. The figure makes 
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Figure 8: Non- universal corrections to the partial decay widths of first-generation sfermions 
into charginos, as a function of the soft-SUSY-breaking U{1)y gaugino mass parameter M', 
at fixed M = 150 GeV. Shown are the corrections for each individual decay channel with 
a branching ratio larger than 10%. 



clear that the corrections grow as a log{MH±)- The effect is, of course, much larger in the 
third generation squark decays, but is also visible in the e and z>e decays. 

3.2.2 General analysis 

We will present here the behaviour of the non-universal electroweak corrections as a func- 
tion of parameters relevant for the chargino/neutralino sector and the sfermion sector, 
and tan/5. In general the corrections present a rich structure, due to the fact that ev- 
ery single parameter controls different aspects of the decay under study. Let's take for 
example the higgsino mass parameter /i. When changing this parameter, the neutralino 
and chargino masses change, and some decay channels open or close: when this happens, 
threshold divergences appear in the rest of the channels. At the same time, for \fi\ = M our 
renormalization prescription breaks down (Cf. eg. ) , and divergent corrections appear. 
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Figure 9: Non-universal corrections to the e, z/g, 6 and t partial decay widths, as a function 
of the charged Higgs mass. Shown are the corrections for each decay channel with a 
branching ratio larger than 10%. 



Moreover the /x parameter enters the coupling of the sfermion to Higgs bosons in two ways: 
directly, in the expression of the Feynman rules, and indirectly, in the determination of 
the soft-SUSY-breaking trilinear couplings @. As a result the variation of the corrections 
with respect to fi will exhibit a complicated evolution pattern spotted with the spurious 
divergences associated with the renormalization framework. 

In Figs. |TD| and |TT] we display the corrections for the partial decay widths into neutralinos 
and charginos for sleptons and squarks respectively. In all plots we can see the divergences 
at \n\ = M. We also see similar structures in several plots. These similarities make clear 
the SU (2) structure of the theory, for example in the corrections to the partial decays of ei, 
z/g, fi, ui and di into charginos. The corresponding decays into neutralinos deviate among 
the different sfermions, since the U{1)y charge enters the game. The presence of large 
Yukawa couplings also alters the general behaviour of the corrections. The corrections to 
the top- and bottom-squark decays exhibit indeed a very different structure. Differences in 
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Figure 10: Non-universal corrections to the partial decay width of e and into charginos 
and neutralinos as a function of the higgsino mass parameter [i. 

the f decays would only be visible in the % —>■ z>x~ decay channel, which has a branching 
ratio below 1% (see tabled). 



Figs. |12| and |I3| show the evolution with the soft-SUSY-breaking gaugino mass param- 
eter M. Again we observe a very similar structure for the sleptons and the first generation 
squarks. For M < \n\, and away from the divergence region, the corrections are small 
(less than 5%) in most channels. Only the decay mode ^2 — ^ bx~^ has corrections around 
10%. For M > the corrections can be moderate, up to 5% for the sleptons and first 
generation squarks, and 10% for the bottom-squarks. Note also the divergence appearing 
in the corrections to the b decays into x~ when the value of the masses approach the 
phase space limit. This divergence arises from the Coulomb singularity due to soft-photon 
exchange between the two final state particles |^T|. A consistent description of the decay 
width in this mass regime needs of a proper description of slowly moving final-state charged 
particles ||i2[] . 



We now turn our view to the parameters of the sfermion sector. We start with the 
sfermion mixing angle. Its main effect is not in the corrections themselves, but in the 



tree-level decay amplitudes. In Fig. |14| we show the variation of the relative corrections as 
a function of relevant mixing angles. For the f decays we see spikes of large corrections 
for the chargino channels. These spikes reflect the fact that near 6r = {6r = ±7r/2) the 
f2 (fi) has a tiny branching ratio to charginos; it is basically a f^, which (at the tree- 
level) couples only to higgsino-type charginos with a small Yukawa coupling. At one-loop, 
however, the f/j does effectively couple to charginos both through the one-loop conversion 
f/j tl and through genuine vertex diagrams. These contributions can be of the same size 
as the tree-level contributions, giving large corrections. For the sfermions of the first two 
generations these spikes are more pronounced. Since their Yukawa couplings are negligible, 
the one-loop effective coupling is larger than the tree-level one. 

The third generation squarks have a very different behaviour. To understand Fig. pilf p 
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Figure 11: As in Fig. [1^, but for the first and third generations of squarks. The shaded 
regions correspond to the violation of the condition (0). 
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Figure 12: Non-universal corrections to the partial decay width of e and z>e into charginos 
and neutralinos as a function of the gaugino mass parameter M. 
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Figure 13: As in Fig. 112], but for the first and tliird generations of squarks. 
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Figure 14: Non-universal corrections to the partial decay width of sfermions into charginos 
and neutralinos as a function of the sfermion mixing angles, a) f decays as a function of 
the f mixing angle Or'-, b) t decays as a function of the t mixing angle Ot'-, and c) h decays 
as a function of the t mixing angle 9t. The shaded regions correspond to the violation of 
the condition (H). 



34 



one has to bear in mind that the heaviest squark mass varies with the squark mixing angle. 
As 9t varies the ti mass crosses a series of thresholds. The corrections to the ^2 decays 
on the other hand have a smooth behaviour, similar to the f decays but with the spikes 
softened by the larger Yukawa coupling. 

We also show in Fig. |T^ the variation of the bottom-squark decays as a function of the 
t mixing angle 6t- Although the shape of the figure might be reminiscent of what would 
be obtained by the use of the finite threshold corrections to the bottom-quark Yukawa 
coupling 0, this is not the leading contribution to the corrections. In fact, we 

have checked that the use of the finite threshold corrections to the bottom-quark Yukawa 
coupling reproduce quite well the shape of the corrections to the 62 (= partial decay 
widths. However, there exist finite terms from other contributions, changing the overall 
value of the corrections. For the hi (= 6l) the finite threshold corrections fail to give an 
approximate description of the full result. 

The evolution with the sfermion mass parameters themselves can be seen in Figs. |T^-|TB|. 
In Fig. [15| we vary one of the sfermion masses, by maintaining the splitting between /i, /2 
as in eq. In Figs, ^a and b we show the non- universal corrections to the selectron 

and sneutrino partial decay widths. Above > 1 TeV the corrections follow the Sudakov 
double-log form 5 ~ A-l-i? log^(m^/M^) ||4^. This kind of electroweak corrections appears 
in any observable in which the process energy is much larger than the electroweak mass 
scale. For comparison the universal contributions are shown in Figs. |l5|c and d as a function 
of a common slepton mass. While the universal effects dominate over the Sudakov terms 
in the relevant region where the sfermion masses lie below 1 TeV , the opposite holds once 
these masses become larger. 

It is interesting to further explore the behaviour of the corrections in the mass region 
below 1 TeV also for the squark decays. In Fig. |16| we show the corrections for top- and 
bottom-squark decays as a function of the masses, in a mass range 100 — 600 GeV. In 
this figure the splitting between the bottom-squarks is fixed at 5 GeV, whereas the top- 
squark mass is left free. Several thresholds are seen in the figures. The value of the 
corrections behaves smoothly between the threshold points, but it is clear that the value 
of the corrections depends strongly on the exact correlation between the several MSSM 
masses. 

We come finally to the tan/5 parameter. For the first two sfermion generations tan/3 
only enters the corrections through the expressions of the masses, since the Yukawa cou- 
plings are negligible. As a consequence the evolution with tan/3 is flat above tan/3 ~ 4, 
when the masses acquire their asymptotic values. 

For the third generation the couplings of fermions and sfermions with Higgs bosons and 
higgsinos loops enter the game. If we stick to the input parameters in ( |5D| ) the trilinear 
soft-SUSY-breaking couplings Aj acquire large values - see eq. (|^) - and the sfermion- 
Higgs couplings become large, and even non-perturbative. Note however, that large Af 
values would generate charge and colour breaking vacuum - eq. . As long as the A f are 
consistent with the (necessary) condition the corrections remain perturbative. This is 
not to say that scenarios with tan/3 > 5 are not possible, but that, for a given tan/3, the 
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Figure 15: Corrections to the partial decay width of first generation sfermions into chargi- 
nos and neutrahnos. Non-universal contributions are shown in a) e and b) i>e decays as a 
function of the lightest selectron mass mg^ maintaining rrig-^ = + 5 GeV. Also shown 
are the universal contributions to a) e and b) decays as a function of a common lightest 
slepton mass mj^ with m|-^ = mj^ + 5 GeV. 
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Figure 16: Non- universal corrections to the partial decay width of third generation squarks 
into charginos and neutralinos, as a function of a) and b) the lightest bottom-squark mass 
; c) and d) the hghtest top-squark mass m^^ • The splitting between the sbottoms is as 
in eq.(|OD. 

input parameters Af, mj^ and Of are constrained so that eq. is satisfied. In particular, 
note that a zero mixing angle in the sbottom sector is not possible for large tan/3. To 
probe the effect of tan (3 in the corrections we must choose a different parameter set that 
satisfies the bound @ all over the explored tan /?. To this end we choose the soft-SUSY- 
breaking masses and trilinear couplings as input parameters, so that they reproduce the 
masses and angles of (0), that is we adjust the values of the parameters in the sfermion 
mass matrices (j^) as follows 

Mq^ = Mg^ = = 300 GeV , M^^ = 292 GeV , M^^ = 299 GeV , M^^ = 274 GeV , 
Mj^ = 302''GeV , = 297 GeV , 

Ab = Ai = 600 GeV , = 37.5 GeV , A = -78 GeV , 

(52) 
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Figure 17: Non- universal corrections to the partial decay width of third generation 
sfermions into charginos and neutralinos, as a function of tan/3, with the soft-SUSY- 
breaking mass parameters fixed as in eq. ([5^). 



with a common value for first and second generation squarks (g = u, d, s,c, u = u, c, 
d = d,s), and for all sleptons (/ = e, fi, r). The rest of the parameters are set as in eq. ( ^0]) 
(viz. /i = 150 GeV, M = 250 GeV, Mh± = 120 GeV). By choosing this parameter set, 
the masses and mixing angles will change with tan /3. In Fig. |1^ we show the corrections 
to the third generation sfermion decays as a function of tan f3. We see that a large value 
of tan/3 may increase the absolute value of the corrections, but they stay below few ten 
percent for the allowed range tan/5 < 60. 



3.3 QCD corrections and SUSY threshold effects 

The QCD corrections to the partial decays widths of sfermion decays into charginos and 
neutralinos were computed in [|lT],|^. We have performed an independent computation, 
and have verified the analytical and numerical results of Ref. |TT|. We will need these 
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partial results to compute the full one-loop branching ratios of the sfermion decays. 

The QCD corrections can be very large in certain parts of the parameter space. This 
applies especially for squarks decaying into higgsino-type charginos or neutralinos. These 
large corrections can be absorbed by an adequate resummation of the leading effects. The 
latter are of two types: the running of the light-quark masses up to the scale of the sfermion 
masses produces large negative corrections; the finite SUSY threshold corrections to the 
bottom-quark Yukawa coupling can also be large; they grow with tan j3, and its sign is 
opposite to /i - see the extensive literature [|1^, on the subject. The authors of 



Ref. 10 demonstrated that, for the case of H'^tb coupling, these corrections can be exactly 
resummed to all orders of perturbation theory by using the effective bottom quark Yukawa 
coupling according to 

-^-^i(l + A,) ' 

where mb{Q) is the running quark mass, and A;, is the finite threshold correction. 

By using the effective bottom quark mass in eq. (|53|) we are able to absorb a large part 
of the corrections into the effective couplings, yielding an improved partial decay width 

Y^mp ^ Y%mff) + (ri-'°°P - r^-^^^"^"^) = r%ml^f) (l + 5"""^) , (54) 
where y^~'^^p'^"'^ is the one-loop expansion 

ofrO(m^-^0- The previous equation defines the 
remainder of the one-loop contributions, namely what is left after subtracting the one-loop 
part of the resummed threshold corrections from the full one- loop result. It reads 

'pl—loop p expand 

^rem _ _ ^^^^ 

The improved QCD correction factor is then given by 

s:imp-QCD _ ^'""^ ~ ^^i^b) 

" ro(m,) • ^^^^ 



In Fig. |I8| we show an example. We have plotted the one-loop and the improved QCD 
corrections to the bottom-squark partial decay widths into neutralinos as a function of 
tan /3, using the input parameters (|52D and a gluino mass rrig = 500 GeV. The strong 
coupling constant is evaluated at the mass scale of the decaying particle, using the normal- 
ization as{Mz) = 0.12. The growing in absolute value of the one-loop QCD corrections 
is due to the increase of the bottom-squark mass splitting (entering A;,) with tan/3. For 
tan /? > 25 they already pass the —100% value. On the other hand 5'''^™' is well behaved in 
all the tan f5 range, and it is seen not to be negligible at all in some cases. 



The large negative corrections visible in Fig. ^ have a twofold origin. First, the run- 
ning of the bottom quark mass provides large negative corrections due to standard QCD 
renormalization group effects. Second, the sign of the QCD contributions to the threshold 
corrections is opposite to that of fi (since oc yU in eq. (^3])). Therefore both kinds of 
contributions reinforce mutually in the originally chosen scenario ^ > 0. In the alternative 
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Figure 18: QCD corrections to the bottom-squark decays into neutralinos as a function of 
tan /3: a) one-loop corrections; b) remainder corrections - eq. (^); c) improved corrections 
- eq. (0). Parameters fixed as in eq. (0). d) improved corrections for the alternative 
H < scenario, rest of parameters as in (0). Only those channels with a branching 
ratio larger than 10% are shown. The two lines corresponding to the X2 channels coincide 
visually. 
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scenario (/i < 0) the two contributions partially cancel each other, giving a smaller total 
(negative) correction. Thus in the /i < scenario the SUSY-QCD effects actually prevent 
the decay rates from being too much suppressed by the gluonic corrections. 

One has to be careful in the use of the effective bottom-quark mass ( |53D in the case of 
positive corrections (/x < 0), since in this case the effective Yukawa coupling grows and can 
become non-perturbative for large values of |yu| and tan/5. In Fig. |18|d we show a scenario 



with /i < 0. The input parameters are those of eq. (0), but changing the sign of /i and the 
soft-SUSY-breaking trilinear couplings Af. Although the corrections are still negative, we 
clearly see the change of trend for large tan/? > 20; from this point onwards the (positive) 
threshold corrections are comparable to the effects of the running bottom quark mass. At 
tan/? ~ 60 the two leading contributions nearly compensate each other, giving a total 
negative correction below 30%. So at large tan/? some channels become essentially free 
of huge negative corrections, whereas in the original ^ > scenario these channels were 
reduced by more than 70% due to quantum effects! 

In Ref. the numerical results for the QCD corrections to the partial sbottom decay 
widths were much smaller than those presented in Fig. The reason is that in Ref. []TT] 
the following set of parameters was used: a low value of tan/3 (= 1.6), small splitting 
between the two sbottom masses (= 10 GeV), and a small sbottom mixing angle {Of, — 0). 
Under these conditions the SUSY threshold corrections to the bottom Yukawa coupling 
(Ab) are suppressed [^,^,0]. Moreover, the choice of < in Ref. [|lTl would mean that 
the finite threshold effects partially compensate for the renormalization group running of 
the bottom mass, thus decreasing the value of the corrections. At moderate or large values 
of tan/3 ( > 10), however, the rest of the conditions can not be fulfilled. If the sbottom 
mixing angle were small {Of, ~ 0), then the soft-SUSY-breaking trilinear coupling would 
be large {Ah ~ /itan/3), eventually spoiling the vacua condition (^). Even if one drops 
the condition (^, then the weak corrections would blow up due to the non-perturbativity 
of the Higgs-squark-squark trilinear coupling entering the three-point function corrections 
in Fig. 1^. We conclude, therefore, that sticking to the necessary condition (^ provides a 
natural suppression of the Higgs-squark-squark trilinear coupling, while maintaining the 
perturbativity of the weak corrections over the whole tan/? range. At the same time, it 
means that for tan/3 > 10 the two sbottom masses have significant splitting, and 6^ ^ 0, 
providing large corrections due to the finite threshold effects. 

We remark that whereas the finite threshold corrections (A^) can be regarded as non- 
decoupling effects in the study of the Higgs sector of the MSSM, this is not so for the 
sfermion decays under consideration (even though we have kept the non-decoupling de- 
nomination also in our case). Indeed, the non-decoupling property applies when all the 
SUSY parameters (/i, Af,, mi^, rrig) are simultaneously scaled. However, being the sbot- 
tom quark mass itself the process energy, the scaling of the SUSY parameters entails a 
simultaneous scaling of the process energy, and therefore the A;, corrections cannot be con- 
sidered here as genuine non-decoupling quantum effects. Moreover, in an scenario of large 
IX {li ^ mi J the light chargino is basically a gaugino, and so its coupling to quarks and 
squarks is essentially a gauge coupling, not a Yukawa coupling. As a result the sbottom 
decay into light charginos/neutralinos is not sensitive to A5 in this limit. 
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3.4 Branching ratios 

At the end of the day we analyze the higher-order effects on the branching ratios. Notice 
that in practice only the branching ratios are directly accessible from the measurements 
of the various cross-sections at the colliders. Therefore the BR{f fx) are the true 
observables in this kind of analysis, and we will compute them from the corresponding 
corrections to the partial decay widths that we have considered in the previous sections. 
In particular we have to include the QCD and the threshold effects. In the following 
analysis we also take into account the (generally small) effects of the shift of the masses in 
the phase-space factor. Specifically we show the following quantities: 

• Tree- level branching ratio (BR^); 



• QCD-correction to the branching ratio as discussed in section p.3| , including the QCD 
corrections to the ii mass: 

ASi?«^^(/ ^ X) = X^,/^ ^ -BR\f^x) , (57) 

-prmp i^gjj^g defined in (^); 

• Total correction to the branching ratios (QCD and EW), including the QCD and 
EW corrections to the ti mass, and the EW corrections to the neutralino masses 

A5i.-(/ ^ ,) ^ ry^x) + TV^xW.^J'x) ^ ) 

,0 (r-K/ - x) + ro(/ - x)5(/a - fx)) 

(58) 

with 6{fa — > fx) as defined in (|5lD . 

The corrections to the branching ratios are usually smaller than those to the partial de- 
cay widths. The limiting case being when only one decay channel exists, and has obviously 
no corrections to the branching ratio. 

Only results for the bottom- and top-squarks will be shown. The corrections to the 
slepton and first- and second-generation squarks are tiny, for two reasons: usually a single 
decay channel is dominant and the corrections to the partial decay widths are small. In 
addition the corrections will be shown only on those portions of the parameter space in 
which the only possible decay channels are the fermionic ones. The bosonic decay channels 
Qa Qb^^i^) "^^^ t)e dominant when they are open, and the quantum corrections to 
these channels must be taken into account to compute the corrections to the branching 
ratios IHU . 



In Fig. ^ we show the tree-level branching ratios of the bottom- and top-squarks 
as a function of the SU{2)l soft-SUSY-breaking gaugino mass parameter M, as well as 
the absolute corrections to the branching ratios of squarks decaying into neutralinosQ. 

""^^Since only two decay channels are open, the corresponding absolute corrections to the chargino branch- 
ing ratio have the same absolute value and opposite sign. 
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Figure 19: Tree-level branching ratios, (a)-(b), and corrections to the branching ratios, 
(c)-(d), of bottom- and top-squarks as a function of the soft-SUSY-breaking gaugino mass 
parameter M. 

Although the QCD corrections are usually the largest ones, the EW and QCD corrections 



can be of the same order in certain scenarios. For example in Fig. p!9| c the QCD corrected 
is ~ 5% larger than the tree-level one for M ~ 200 - 250 GeV, but the EW 
corrections compensate most of this correction, and the final correction is less than 1%. 

The effects of the mass-shifts are in general very small, except near the threshold 
regions, where a given channel is permitted according to the tree-level masses prediction, 
but it is closed when one uses the one-loop prediction for the masses. This is the case 
in Fig. p!9|d. The decay channel t\ — > 6x3 is open up to M ~ 354 GeV according to the 
tree-level prediction for the heaviest top-squark mass. However the negative corrections 
to vTLi^ -table |^ enforce this channel to get closed for lighter M values, concretely, at 
M ~ 324 GeV including only the QCD corrections and at M ~ 317 GeV including the full 
corrections. 



In Fig. 20 we show the branching ratios and its corrections as a function of the lightest 
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Figure 20: Tree-level branching ratios, (a)-(b), and corrections to the branching ratios, 
(c)-(d), of bottom- and top-squarks as a function of the lightest bottom-squark mass, 
maintaining = mi + 5 GeV. 



bottom-squark mass (keeping the splitting between the two bottom-squarks at mi = 
mi^ + 5 GeV). The lines representing the corrections end at the points where the bosonic 
decay channels open. We see again that the EW corrections to the hi branching ratio can 
be of the same order as the QCD ones. For m^^ < 320 GeV the 3 — 4% QCD contributions 
are almost compensated by the EW ones. For the 62, the EW corrections represent a small 
shift to the QCD-corrected branching ratios. For the top-squark the QCD corrections can 
be larger ( > 10%), and the branching ratio also suffers an important shift from the EW 
sector. 

The effects of the mixing angles are shown in Fig. The corrections to the bottom- 
squark branching ratio show a simple structure. The corrections from the weak sector are 
comparable to that of the QCD sector for practically any value of the mixing angle. The 
t branching ratios and corrections are shown in Figs. [2l| b and d. The effect of the EW 
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Figure 21: Tree-level branching ratios, (a)-(b), and corrections to the branching ratios, 
(c)-(d), of bottom- and top-squarks as a function of the respective mixing angles. The 
shaded regions correspond to the violation of the condition (|]) . 

corrections is clearly visible above the QCD-corrected branching ratios. 

We come finally to analyze the tan/3 dependence, which is shown in Fig. In this 
case we will use again the soft-SUSY-breaking mass parameters in eq. (|52D to compute the 
physical masses and mixing angles in the sfermion sector. The main effect of tan f3 on the 
tree-level branching ratios is due to the change in the sfermion masses themselves, providing 
the opening of the bosonic channels. Again, the weak corrections to the bottom-squark 
branching ratios are seen to be a tiny addition to the QCD induced ones. Opposite to that, 
the weak corrections to the top-squark decay branching ratios are larger, especially in the 
lightest top-squark channels. In this case they can be comparable to the QCD induced 
corrections. 
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Figure 22: Tree-level branching ratios, (a)-(b), and corrections to the branching ratios, 
(c)-(d), of bottom- and top-squarks as a function of tan/5. 

4 Conclusions 

We have presented a consistent and complete one-loop on-shell renormalization scheme for 
the sfermion and the chargino-neutralino sectors of the MSSM. This scheme is suitable for 
the computation of one-loop electroweak corrections to observables relevant to the next 
generation of colliders. 

We have applied this scheme to compute the full electroweak corrections to the partial 
decay widths of sfermions into charginos and neutralinos. 

As a summary of the results we show in Table |^ the corrected branching ratios for 
all possible individual sfermion decays for the (low tan/5) input parameter set (|50|). For 
squarks we show both: the branching ratio including only QCD effects, and the fully 
corrected branching ratio. One can compare these results with the former tree-level results 
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Table 3: Corrected branching ratios of sfermion decays into charginos and neutralinos for 
the parameter set (pOl) . Branching ratios below 10"'^ are not shown. 

in Table ^ to assess the importance of the corrections in this particular parameter set[]. 
A close comparison shows that, in fact, the EW corrections can have an effect as large as 
the QCD corrections alone. We can compare, for example, the leading branching ratio of 
the lightest up-squark (ms uxv BR^ = 58%, BR'^^^ = 57.9%, Ei?*°*'^' = 56.1%) or the 
lightest sbottom {h bxv BR^ = 50.2%, BR^^^ = 54.1%, Si?*°*"' = 52.8%). 

The corrections show a rich and complicated structure when the MSSM parameters are 
varied. Nevertheless, we have been able to provide physical explanations of our results. 

Indeed, we have identified sources of non-decoupling effects in these radiative correc- 
tions. In contradistinction to the Standard Model case, none of the MSSM particles decou- 
ples from these corrections]^ - the non-decoupling effects being logarithmic in the heavy 

"'^''We have not searched for an optimized parameter set to enhance or decrease the value of the corrections, 
but just used typical values for the input parameters. The reader is warned that in other typical scenarios 
(e.g. large tan/?) the corrections may look much different, as we have shown in previous sections. 

^^This applies to supermultiplets in which one of the components is light, e.g. a SM particle. A super- 
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masses. As a consequence all particles of the MSSM must be taken into account in any 
computation involving loop diagrams with external fermion-sfermion-chargino/neutralino 
couplings. In some cases, however, the term multiplying this logarithm is small. 

Furthermore, we have identified a class of universal corrections to the fermion-sfermion- 
chargino/neutralino couplings, that can be treated as effective coupling matrices for the 
chargino/neutralino sector. These universal corrections consist of the fermion-sfermion 
contributions to the self-energies of the gauge bosons, Higgs bosons, charginos and neu- 
tralinos. The effective coupling matrices absorb the non-decoupling effects of sfermions. 
Explicit analytic expressions for these corrections have been given in a simple example, 
but the general analysis has been performed numerically. These corrections can be large 
(~ 5 — 10% for sfermion masses around 1 TeV) and grow logarithmically with the sfermion 
masses. A physical explanation of this effect using renormalization group arguments has 
been given. 

The bulk of the non-universal corrections grow as a logarithm squared of the particle 
decay mass, due to the Sudakov-type double logarithms of the electroweak corrections. 

For sfermion masses around 300 GeV, relevant for a 800 GeV e'^e" linear collider such 
as TESLA, the non-universal electroweak corrections to the slepton and first- and second- 
generation squark partial decay widths are small. For top- and bottom-squarks the cor- 
rections are larger due to the large Yukawa couplings. The threshold-like corrections to 
the quark Yukawa couplings are important at large tan (3 for 3rd generation sfermions, and 
they must be resummed to obtain meaningful results. 

The corrections remain always in the perturbative regime as long as the soft-SUSY- 
breaking trilinear couplings are not too large. This condition is, however, granted if the 
vacuum does not break the charge and/or colour symmetry. In particular, we point out 
that this vacuum condition cannot be preserved at large tan /3 by degenerating the sfermion 
masses and/or assuming vanishing sfermion mixing angles. Therefore, since /i = is phe- 
nomenologically ruled out, one can compensate the /itan/3 term in eq. @ by an appropri- 
ate choice of the other parameters. For instance, at tan (3 = 30 the vacuum condition can 
be preserved with the following set of masses and mixing angles: = (334, 268) GeV, 
Ob ~ -0.743 rrii = (356, 308) GeV and Ot ~ -0.576. 

The corrections can be significantly larger for individual decay channels that have small 
branching ratios. Therefore large corrections are washed out in the total decay widths 
r(/ - fx') and r(/ ^ f'x^) eq. i^. 

We have combined the QCD corrections with the electroweak effects for the top- and 
bottom-squark partial decay widths, and have evaluated the full one-loop branching ratios 
of these supersymmetric particles in the case that the only open decay channels are the 
chargino/neutralino ones. In performing the computation of the corrections to the decay 
rates and branching ratios we have also taken into account the corrections to the squark 
and neutralino masses themselves. An specially interesting case appears when these mass 
shifts provide the opening (closing) of channels that would be closed (open) according to 
the naive tree-level prediction. Since the overall corrections can be very large for higgsino- 

multiplet in which all of the components are heavy will show decoupling properties. 
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type charginos/neutralinos, we have made use of the resummed expressions for the two 
leading quantum contributions to the bottom-quark Yukawa couphng, namely the running 
quark mass and the finite threshold supersymmetric effects. 

The upshot of our analysis should be emphasized: the EW corrections can be of the 
same order of magnitude as the QCD effects, and therefore a consistent treatment of the 
sfermion decays beyond leading order in the MSSM demands to include the EW quantum 
contributions on the same footing as the QCD ones. 
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